To maximize statistical power in studies of mammographic density and breast cancer, it is advantageous to combine data from several studies, but standardization of the density assessment is desirable. Using data from 4 case-control studies, we describe the process of reassessment and the resulting correlation between values, identify predictors of differences in density readings, and evaluate the strength of the association between mammographic density and breast cancer risk using different representations of density values. The pooled analysis included 1,699 cases and 2,422 controls from California (1990-1998), Hawaii (1996, Minnesota (1992-2001), and Japan (1999. In 2010, a single reader reassessed all images for mammographic density using Cumulus software (Sunnybrook Health Sciences Centre, Toronto, Ontario, Canada). The mean difference between original and reassessed percent density values was −0.7% (95% confidence interval: −1.1, −0.3), with a correlation of 0.82 that varied by location (r = 0.80-0.89). Case status, weight status, age, parity, density assessment method, mammogram view, and race/ethnicity were significant determinants of the difference between original and reassessed values; in combination, these factors explained 9.2% of the variation. The associations of mammographic density with breast cancer and the model fits were similar using the original values and the reassessed values but were slightly strengthened when a calibrated value based on 100 reassessed radiographs was used. breast cancer; epidemiologic methods; ethnicity; mammographic density; pooling; risk Abbreviations: CC, craniocaudal; MLO, mediolateral oblique; OR, odds ratio; PP, percentage points.
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Mammographic density is a relatively strong risk factor for breast cancer (1) . Both the relative ( percent) and absolute areas of density seen on mammograms are related to breast cancer risk, and women within the highest category of mammographic density are at 4-6 times' higher risk than women in the lowest category. Individual studies published to date have shown a consistent association between mammographic density and breast cancer risk (1) , but each study on its own does not have the statistical power to demonstrate these associations consistently within specific population subgroups or to detect associations between mammographic density and genetic factors (2) . Similarly to issues that arise when combining data for other biomarkers, pooling data from several studies for the purpose of achieving the statistical power needed to detect differences in associations between population subgroups is not straightforward because of variation in density assessment arising from different techniques and observers (3) .
Previous analyses carried out by our research group to examine the association between mammographic density and breast cancer risk within population subgroups based on adiposity (4), parity (5), and alcohol consumption (6) were conducted by obtaining the mammographic images from 4 case-control studies (7) (8) (9) (10) and having a single observer reread them using 1 type of interactive thresholding software to standardize the density readings (11) . In the present study, we compared 3 different techniques for combining information from multiple studies and analyzing the association with breast cancer risk: 1) measurements obtained by the observers for the original studies, 2) readings made by the single observer who reassessed all mammograms, and 3) original values calibrated on the basis of their relationship with the reassessed measurements of a subset of mammograms. In this article, we describe the process of rereading and determining the correlation between assessments, identify predictors of differences in density readings, and evaluate the strength of the association between mammographic density and breast cancer risk using different representations of density values-specifically categories similar to those used in previous publications (1), study-specific quintiles, an untransformed continuous variable, and a continuous variable at log 2 to estimate risk "per doubling" of density.
MATERIALS AND METHODS

Study design
The methods used in this project (4) and the 4 case-control studies that contributed data (7-10) have been reported elsewhere and will be only briefly described here. The institutional review boards at the 4 participating institutions approved both the original case-control studies and this project. Each study used incident breast cancer cases. Controls came from the general population in California, from cancer-free Multiethnic Cohort Study participants in Hawaii, and from screening clinic populations in Minnesota and Japan. Covariate information included race/ethnicity, menopausal status, menopausal hormone use, reproductive history, family history of breast cancer, and height and weight for computation of body mass index (weight (kg)/height (m)
2 ) (4). This information was collected through face-to-face interviews using a structured questionnaire in California (soon after case diagnosis or control recruitment); collected through self-administered questionnaires in Hawaii (at cohort baseline, with an update on menopausal hormone use and body mass index at the time of the nested study) and in Japan (at the time of screening); and abstracted from medical charts and a clinical database in Minnesota.
Mammographic density
Mammographic densities had been determined for each original study using different thresholding software and observers. The investigators in the Hawaii and Minnesota studies had used Cumulus, version 4.2 (Sunnybrook Health Sciences Centre, Toronto, Ontario, Canada, 2009) (7, 12) ; those in California had applied Madena, version 3.21 (University of Southern California, Los Angeles, California, 2011) (8); and those in Japan had developed their own procedure, with steps including image digitalization, extraction of the breast border and pectoralis muscle to determine the breast area, and setting of a threshold between dense and nondense areas to determine the dense area (10) . A single digitized mammographic image was obtained for each participant in the 4 original case-control studies: The contralateral side was chosen for cases and a stratified randomly selected side was chosen for controls in order to achieve the same rightleft frequencies as in the cases. In the studies conducted in California, Hawaii, and Minnesota, digitized screen film craniocaudal (CC) images were available. In Japan, digital mediolateral oblique (MLO) images were printed on film and digitized to a file format that was usable with the Cumulus thresholding software. When multiple mammographic images taken over time were available, we chose the mammogram proximal to diagnosis for the cases in order to correspond most closely to the studies for which only 1 radiograph was available.
The measurements used in this analysis were made by a single observer (C.G.W.), who is not a radiologist but was trained by the developers of Cumulus, has previous experience as a reader (13), and did not measure any of the images for the original studies. She reassessed all radiographic films in 2010 using Cumulus interactive thresholding software (4). The images from 4,254 participants were read in 45 batches of 106-107 images. All batches contained similar proportions of participants from each study and of cases versus controls, all in random order. Each batch was read in 2 stages: First, the breast area was manually delineated from the background and pectoral muscle, and second, a threshold was set between the radiologically dense fibroglandular tissues and the nondense fatty tissues based on gray level. The numbers of pixels within the breast and in dense areas were determined by the software and converted to square centimeters based on the pixel size at which the images for each study were digitized. Percent dense area was calculated as the dense area divided by the breast area. We applied a conversion formula to adjust the percent dense area measures made on MLO views from Japan to be equivalent to those made on CC views: CC = (MLO -2.6)/0.86 (14) . A set of 269 images was randomly selected to be reread both within and between batches to estimate reliability of percent density. The reliability was high, with correlations of 0.97 within batches and 0.95 across batches. Of the 4,254 women with digitized mammographic images, 133 persons were excluded for the following reasons: suspected breast implants (n = 4), incomplete images (n = 2), or missing data for body mass index, current menopausal hormone use, or both (n = 127).
Statistical analysis
The mammographic measurements and all covariate information from each study were combined into a single standardized database. All analyses were conducted using SAS, version 9.2 (SAS Institute Inc., Cary, North Carolina). We created histograms of the distributions of percent density and scatterplots of original percent density versus reassessed percent density. Pearson correlation coefficients were computed for correlations between the original and new readings. To examine possible determinants of differences between readings, we performed multiple linear regression analysis and included the following covariates: case status, age (≤55 years vs. >55 years), weight status (normal-weight vs. overweight/obese), parity status, original density assessment method (Cumulus vs. other), mammogram view (CC vs. MLO), and race/ethnicity. Location could not be included because of collinearity with race/ethnicity, mammogram view, and assessment method. To investigate whether the differences between readings varied with increasing percent density, we produced a Bland-Altman plot (i.e., a scatterplot of the difference between original percent density and reassessed percent density against the mean of the assessments).
To recalibrate the original readings using reassessed values, we applied the following procedure for each location. On the basis of 100 mammograms from each location that were selected randomly across all subjects, we performed linear regression to determine the relationship (intercept and regression coefficient) between the reread films and the originals. Finally, the resulting regression equation was applied to the original density measurements from that location-that is, calibrated percent density = intercept + regression coefficient × original reading.
The association between mammographic density and breast cancer risk was represented by odds ratios estimated from unconditional logistic regression models. In these models, mammographic density was examined in several ways: in 3 categories representing the approximate tertiles of the density distribution in the combined control group; in 5 predefined categories; in study-specific quintiles; and as a continuous variable, either untransformed or logarithmically (base 2) transformed such that the odds ratio estimated the risk associated with a doubling of mammographic density. To compare the fits of different models, we computed the area under the receiver operating characteristic curve, also known as the c statistic. All models included adjustment for age at mammography (years; continuous), menopausal status/menopausal hormone use ( premenopausal, postmenopausal/no current use, or postmenopausal/current use), family history of breast cancer (history in a first-degree relative, no history in a first-degree relative), and location/ethnicity (California/Caucasian, California/Asian, California/AfricanAmerican, Minnesota/Caucasian, Hawaii/Caucasian, Hawaii/ Asian, Hawaii/other, or Japan/Asian). We repeated several analyses with absolute density using data from Hawaii and Minnesota (n = 2,277) only (see the Web Appendix, available at http://aje.oxfordjournals.org/).
RESULTS
Of the 1,699 cases and 2,422 controls included in this study (Table 1) , 1,075 women were from California, 1,274 were from Hawaii, 1,003 were from Minnesota, and 769 were from Japan. More than 40% of participants were Caucasian, and close to 40% were of Asian descent. Cases were more likely than controls to be nulliparous and to report a family history of breast cancer, but age at mammography and body mass index were similar by disease status. The mean of all original percent density values from different readers was 30.8%, and the mean of values reassessed by 1 reader was 30.0%, with a correlation of 0.82 ( Table 2 ). The reassessed values were on average 1%-4% lower for Hawaii, California, and Minnesota but 6% higher for Japan. However, the correlations were highest for Hawaii (r = 0.89) and similar in the other 3 locations (Figure 1 ). The distributions of the original readings showed a distinct pattern for each location (Figure 2 ), whereas the reassessed values approached a normal distribution and looked more similar across locations. As can be seen from the median values (Figure 2 ), the distributions for Hawaii and Japan moved to the right, while those for California and Minnesota shifted somewhat to the left.
Stratification by different factors indicated strong correlations (r > 0.80) across most subgroups ( Table 2) . One of the exceptions was race/ethnicity, with a correlation coefficient of only 0.75 for African Americans, but the sample size was small (n = 359). Otherwise, the largest difference in the correlation between assessments among strata was seen by reading method; the correlation was 0.87 when Cumulus (Hawaii and Minnesota) was used for the original assessment but only 0.79 for the California and Japan studies, which had used different methods. In a regression model that included all covariates (except location, because of collinearity) to evaluate the absolute difference between readings, most variables except reading method were associated with significant differences between original and reassessed values; the difference ranged from −4 percentage points (PP) to 7 PP ( Table 2) . The difference was greater in cases than in controls (−1.5 PP vs. −0.2 PP), in normal-weight women than in overweight/obese women (−1.3 PP vs. 0.0 PP), in younger participants than in older participants (−1.9 PP vs. 0.3 PP), in nulliparous women than in parous women (−2.6 PP vs. −0.5 PP), and in MLO (digital) images than in CC (film) images (7.4 PP vs. −2.6 PP). Although the differences by ethnic group were statistically significant, they only ranged between −1.0 PP and 1.3 PP. In combination, all factors together explained only a small proportion of the variance; the overall R 2 was 0.092. As seen in the Bland-Altman plot (Figure 3) , percent density itself was a strong determinant of the size and direction of the difference between original and reassessed readings. Whereas in women with less than 30% percent density, the reassessed values were greater than the original readings, the reverse was true for women with higher breast density, for whom the reassessed values were smaller than the original ones. Comparison of the reassessed density readings with the original density readings in relation to breast cancer risk (Table 3) indicated that the odds ratio was of greater magnitude in the highest of 3 categories (odds ratio (OR) = 1.89 vs. OR = 1.71) or for a doubling of density (OR = 1.25 vs. OR = 1.15). On the other hand, when percent density was represented in 5 categories, with either specific cutpoints or study-specific quintiles, the odds ratios for the highest categories relative to the lowest were of lesser magnitude (OR = 2.19 vs. OR = 2.53 and OR = 1.97 vs. OR = 2.49, respectively). However, all 95% confidence intervals overlapped. When the original readings were calibrated with the reassessed films, stronger associations were observed for all classification schemes. For example, for women with ≥50% density, the odds ratio increased from 2.53 to 3.05, and for a doubling of percent density, the odds ratio increased from 1.15 to 1.46. However, the c statistics did not indicate substantial differences in model fit-for example, the values for the 3-category models were 0.698, 0.700, and 0.700 for the original, reassessed, and calibrated models, respectively.
Similar results were found with absolute dense area using the Hawaii and Minnesota data (Web Table 1 , Web Figure 1) . Correlations between the original and reassessed values were greater than 0.82 (Web Table 2 , Web Figure 2 ). Mean differences between readings ranged from −2.3 cm 2 to 1.5 cm 2 within covariate strata and depended on location, body mass index, age, race/ethnicity, and increasing dense area (Web Table 2 , Web Figure 3 ). The association between dense area and breast cancer risk was strong with either the original values or the reassessed values, yet it was strongest when the originals were recalibrated with the subset of 100 reassessed films (Web Table 3 ).
DISCUSSION
This comparison of percent density readings showed a strong correlation between original and reassessed values, despite some differences in mean reading values and agreement by degree of breast density. Lower correlations were seen for the images from Japan and California that had been previously assessed with reading software other than Cumulus, but the mediolateral views, the digital images, and the ethnic composition of the study populations may have also been responsible for the weaker agreement. Given the relatively low variation between original and reassessed values, a large proportion of the disagreement was random or due to unknown determinants, since all measured covariates, including cases status, body mass index, and reading method, explained only 9.2% of the variance. The reassessed values resulted in a more similar distribution in percent density across locations ( Figure 1 ) and showed a pattern of regression to the mean; that is, there was less distinction of the extremes, which were separated in the original readings (Figure 3) . The risk estimates for breast cancer changed relatively little after rereading of the mammograms, whereas calibrating the original readings with reassessed values-that is, standardizing the measurements to a common scale (3)-strengthened the associations without much improvement in model fit (Table  3) . Analyses using more categories showed a greater regression to the mean in the reassessment than those with fewer categories.
A number of previous studies compared density values obtained by several readers and reported correlations in the range of 0.80-0.90 for qualitative and quantitative methods (15) (16) (17) . In mammograms of 987 women from the Norwegian Breast Cancer Screening Program, 2 readers who classified the mammograms according to Cumulus and Madena (16) found a correlation of 0.86 for the 2 quantitative density measurements, with an absolute difference of 4.9% between median values. For the repeated quantitative readings conducted 3 and 18 months apart, the correlation coefficients were 0.93 and 0.86, respectively. In a British study, 703 mammograms from 101 women were reassessed visually after 1 year by a different reader (18) . The correlation was 0.94 (P < 0.001); when plotted, the points were approximately equally distributed around the regression line, but larger differences between readers were seen in the higher density categories. The level of agreement between readers seen in our study was also comparable to results from the Canadian National Breast Screening Study, which included 225 sets of mammograms from women aged 40-49 years, with a correlation of 0.95 (P = 0.0001) (19) .
Different density assessment methods have been compared with respect to their relationship to breast cancer risk. Qualitative measures (e.g., Wolfe classification, or subjectively assessed percent density in broad categories) have been compared with computer-assisted quantitative methods (20, 21) , and area measures have been compared with volumetric measures of percent density (22) (23) (24) . In 2 of these studies, area measures were more predictive of breast cancer risk than volume measures (22, 23) , but in a more recent study that applied single x-ray absorptiometry for the volumetric method, Shepherd et al. (24) reported more accurate prediction of case-control status. Since most studies have quantitatively assessed percent dense area (1), pooling of their data would be fruitful to examine the association of percent density with breast cancer risk in specific population strata, or its potentially weak associations with prevalent factors like genetic polymorphisms (2) .
The present study demonstrates that density values resulting from assessments with different software or observers are substantially correlated but may have modest absolute differences. The variation among studies in the magnitude of these absolute differences suggests that original percent density values should not be treated as equivalent and directly used in analyses where percent density is evaluated in fixed categories or as a continuous variable. The high correlations suggest that results obtained with the original readings, as represented by study-specific quantiles, should perform well in pooled analyses, with the assumption that the populations included in different studies have a similar underlying distribution of percent density (3). This assumption may be unfounded in populations that differ substantially with respect to age, race/ethnicity, or use of menopausal hormones. Given that differences in percent density values among studies to be included in a pooling project can arise from methodological and true population differences, and given that the use of percent density as a continuous variable to maximize statistical power could be advantageous, it appears necessary that density readings be redone. Since digital images are often used, reassessing percent density for all participants in the contributing studies is possible if the images have been saved and can be retrieved; however, this would be a massive undertaking for a single reader (estimated at 2.1 minutes per film) (25) . Therefore, calibrating or standardizing the original values with reassessed values determined by a single reader on a subset of films from each contributing study is a valid and feasible option. Our pooled analyses confirmed that the association of breast cancer risk with breast density is strongest with the calibrated original readings, despite little improvement in model fit, probably because the calibration ensures that each study's percent density values are on a common scale, thereby minimizing the error and the attenuation of risk estimates introduced by pooling density values from different readers/software.
The current analysis was limited by its restriction to 4 studies and the fact that some locations differed from the others with regard to more than 1 characteristic; for example, the study conducted in Japan included only Asian women, had digital mammograms of the MLO view, and used a different mammographic density assessment method, which makes it more difficult to disentangle determinants of differences in reading results. However, the large number of mammograms that were reassessed is a considerable strength and a unique feature of this report, as far as we know. The reader was well trained, had considerable experience in mammographic density assessment, used standard software, and repeated the density assessment for a random sample of mammograms for quality control. 2 ; continuous), menopausal status/menopausal hormone use (premenopausal, postmenopausal/no current use, or postmenopausal/ current use), parity/age at first birth (nulliparous, 1-2/≤25 years, 1-2/>25 years, ≥3/≤25 years, or ≥3/>25 years), family history of breast cancer (first-degree relative, no first-degree relative), and location/ethnicity (California/Caucasian, California/Asian, California/African-American, Minnesota/Caucasian, Hawaii/Caucasian, Hawaii/Asian, Hawaii/other, or Japan/Asian).
b Because percent density was represented in study-specific quintiles, the results obtained using the original films calibrated with reassessed films would be the same as those shown for the original assessment.
In conclusion, this comparison of reassessed mammographic density readings across 4 studies suggests that pooling of the original values from different projects may yield acceptable results, although caution may be needed when interpreting the results using categories of breast density. If at all possible, standardization will probably strengthen the association with breast cancer risk. The likelihood of valid risk estimates would be greater if the same mammogram view and assessment methodology were used in all studies and if the readers in all studies had similar training. As Key et al. discussed in a review on pooling of biomarker data (3), it is ideal to have standardized methods used in all studies that are to be included in a pooled analysis, but even when the original methods are different, the results can be adjusted to a common scale if all studies use the same standards for quality control. Our experience offers guidance primarily for studies using stored images that were collected in the past. Future investigations using digital mammograms will pose new questions related to the availability of unprocessed images and differences between mammography systems, but the issues of common reading software and variation across readers will remain until the process can be fully automated.
